Abstract: The ultraviolet (UV) extraordinary optical transmission through nanoslit structures in the far field and the localized field enhancement in the near field are directly observed and compared with each other. Numerical modeling results are also presented, and the distribution properties of the UV Surface Plasmon polaritons (SPPs) are analyzed, showing agreement with the experiment results. These phenomena may enrich the studies on subwavelength optics on a chip and especially be useful for performance optimization of UV active devices, e.g., UV light-emitting diodes (LEDs) and UV detectors.
Introduction
Surface Plasmon polaritons (SPPs) are of considerable interest for applications involving on-chip integration of optical circuits, data storage, and biosensing [1] - [6] . Since Ebbesen's report of farfield (FF) extraordinary optical transmission (EOT) through plasmonic hole arrays in 1998 [7] , nanoplasmonics has become an area of intense interest, fueled in part by rapid advances in nanofabrication and nanocharacterization techniques. Researchers employed the SPP concept to design structures and devices with unique functionality or improved performance, in areas such as plasmonic waveguides [6] , light emitting diodes (LEDs) [8] , nanodetectors [9] , solar cells [10] , [11] , planar collimators [12] , [13] , super lenses [14] , etc. The primary focus of this work has been on SPPs in visible, near-infrared [1] - [3] and terahertz domains [15] - [17] . To date, there has been much less attention paid the properties of ultraviolet (UV) SPPs, although some groups reported measurements [18] - [22] or numerical simulations [23] , [24] employing UV light to excite SPPs for near-field (NF) nanolithography [14] . They presented NF lithographic results on photo-resist layers as an indirect demonstration of subwavelength UV SPP distributions [18] - [22] . Recently, our group reported the direct mapping of the UV surface modes at the Al/Al 2 O 3 interfaces [25] . However, no work has been reported that concurrently address the properties of plasmonic structures and UV device design, an area of research important to future progress in this spectral region.
UV semiconductor devices, such as UV LEDs and UV detectors, are important for nanofabrication (e.g., optical lithography) and a variety of other civil and military applications [26] , [27] . For example, semiconductor UV light sources are needed for chemical and biological agent detection and efficient solid-state lighting [28] . The availability of chip-scale UV semiconductor LEDs [28] - [30] that could be focused to a spot size much less than the wavelength and are suitable for 2-D integration at these short wavelengths may open up new applications in fields such as information storage technology, environmental protection, and biomedicine. Equally important is the development of high-performance UV detectors that are required for solar UV monitoring, source calibration, UV astronomy, flame sensors and secure space-to-space communication [26] , [27] . Performance improvements in such semiconductor devices are needed to enhance the external extraction efficiency for LEDs and coupling efficiency for detectors. In addition to the above, localized field enhancement (LFE) at UV wavelengths will be promising for novel on-chip UV light sources for biosensing and biomedical research. Before plasmonic structures can be employed to improve the performance of these devices in the UV domain, UV EOT as well as LFE have to be better understood and experimentally realized. This Letter presents, to our knowledge, the first direct observation of UV EOT through nanoslits in the FF and LFE in the NF. This represents an important step in the development of novel plasmonic structures for active UV devices, e.g., UV LEDs and UV detectors, and should also impact UV photonic applications in biosensing, bioimaging, and biomedicine.
Sample and Measurement System
We fabricated a series of nanograting structures with periods ranging from 160 nm (sample 1) to 500 nm (sample 11) using a focused-ion-beam (FIB) milling technique (FEI DB 235). The metal surface is a 50-nm-thick Al layer deposited on a 0.15-mm cover glass (Fisherbrand). Fig. 1 shows a scanning electron microscopy (SEM) image of all the samples on the Al layer. Sample 12 is a reference rectangular aperture with a size of 4:2 m Â 20 m. The wavelength of the excitation beam is 364.7 nm in a vacuum (i.e., a wavelength in UV-A region).
We employ a NF scanning optical microscope (NSOM) equipped with a confocal microscope function to probe the transmission light signal through the Al nanoslits. The schematic diagram of the system is shown in the supplementary material for both NF [ Fig. S1 (a)] and FF [ Fig. S1(b) ] measurements. This instrument is a modified version of a commercial NSOM system (a-SNOM, WiTec GmbH, Germany). All of the optics in the system are UV compatible. For the NF observation, an Al cantilever probe with an aperture size of about 50 nm is used to collect photons above the Al surface. In this experiment, the tip is located at a constant height of about 10 nm above the sample. The confocal microscope is employed to observe the FF light signal, which is similar to the measurement in [31] . A 25-m spatial filter aperture was placed at the focal plane to limit the FF transmission. In our measurement, all the samples are characterized in a single scan and their transmitted intensities are compared.
Measurement Design
It is known that only TM modes (where the electrical field of the incident light is perpendicular to the slits) could excite SPP modes on the grating structures, which will be discussed in detail below. Here, we define the following two measurement modes.
(1) LED mode: When the incident light propagates from the substrate to the metal structure, and is then radiated into the air, as shown in Fig. 2(a) . This is similar to the case of coupling internally reflected light from LEDs out of the device. In this mode, the FF transmission could be observed using a confocal microscope [see Fig. 2 (c)], and the NF distribution at the interface of metal/air could be observed by NSOM as shown in Fig. 2 (e). (2) Detector mode: When the light propagates from the air to the metal structure and then is transmitted into the substrate, as shown in Fig. 2(b) . This is similar to the case of enhanced coupling of the external light into the active detection region. In this mode, the FF transmitted light through all the samples could be observed using the confocal microscope as shown in Fig. 2(d) . However, the NF distribution at the interface of metal/substrate cannot be detected because the tip cannot be placed at that interface [see Fig. 2 (b) and (f)]. Measured values of the transmitted optical power, normalized to that of the reference, are listed in Table 1 .
Discussion
(1) We will discuss the UV LED-mode measurement first [see Fig. 2(a) ]. In this mode, values of the optical power transmitted through the nanoslits were directly measured in both the FF and the NF. The FF transmission signals observed using the confocal microscope are shown in Fig. 2(c) for each structure. It can be seen that the powers transmitted through samples 6-8 are stronger than those from the other samples [see the Normalized power data in column (I) in Table 1 ]. The transmission through the 11 samples, relative to that of the reference sample, varies from 49% to 96%. As seen in the transmission data in column (I) of Table 1 , the maximum transmission was (f) Blank because the NSOM probe cannot be placed at the metal/ dielectrc interface in the Detector mode. In these measurements, the polarization direction of the incident light is perpendicular to the slit direction. The color bar is scaled to make the photos clear to the eyes. The data of the measurements are listed in Table 1. observed for sample 6, which has a period of 340 nm and the width of 150 nm. By comparing the transmitted intensities for the 11 samples to those for the reference sample, one can determine the transmitted intensity enhancement. As shown by the Normalized intensity data in column (I) of Table 1 , the strongest intensity enhancement was observed for sample 6, i.e., approximately twice the incident intensity. This is clear evidence of EOT at this UV wavelength. Such Al nanoslit structures could be useful to enhance the external quantum efficiency of UV LEDs. In addition, it is believed that there are other potential advantages for using metallic slit arrays as they can act as electrodes to spread the electric current over the LED surface [32] : If the metallic nanoslit structure is employed as the interdigitated electrode for the LED, the current crowding effect could be optimized [33] , [34] which is helpful to further improve the performance of the device. It is worth noting that SPPs were also employed to enhance the internal quantum efficiency of LEDs [8] , [35] , which is a logical next step in UV plasmonic studies but beyond the scope of this paper.
In recent years, researchers employed various theoretical models to investigate the physics of light transmission through subwavelength slits and slit arrays [36] . However, a number of physical issues are still not well understood, such as the transmission profile as a function of array period, interference between the SPPs and scattered light, the relation between the NF modes and the FF scattering, etc. To date, no measurements have been reported that compare the FF transmission to the NF distribution for the nanostructures. To explore this important relationship, we employed NSOM to probe the NF distribution for the same series of nanoslit arrays [see Fig. 2(e) ]. The measured NF intensities for samples 4-7 are about four or five times that for the reference sample, suggesting that the LFE is achieved with these structures. As shown by the Normalized intensity data in column (II) of Table 1 , the strongest NF intensity was observed for sample 5, which differs slightly from the FF results (discussed above) where sample 6 exhibited the highest intensity. It is recognized that the intensity distributions in the NF and FF can differ qualitatively. For instance, Table 1 shows that the NF intensity for sample 8 is weaker than those for samples 2-4, whereas the Fig. 2(c) and (e) and data in columns (I) and (II) in Table 1 ], suggesting that the radiation from the SPP modes to the propagating beam through samples 2-4 is not so effective. Considering the asymmetric structure of the glass/Al/ air interface, no existing theoretical mechanisms can satisfactorily explain this difference between the field distributions in the NF and FF as well as the coupling from the SPPs to directional propagating beams in the free space [12] , [13] , [31] , [36] - [38] . We believe that a direct experimental comparison of NF and FF intensity distributions, such as those reported here will provide new experimental data that may be instrumental in the development of a rigorous theoretical framework for understanding the optical behavior of the nanoslits. We also believe that these structures with LFE are beneficial to integrated UV light sources on a chip.
To numerically optimize plasmonic structures for LFE, we employ FDTD methods to model the UV intensities transmitted through the grating structures with various periods and slit widths in the NF (10 nm above the grating surface). The results are shown in Fig. 3(a) . Field enhancement can be observed in the NF of samples 5-7, indicating that SPPs are excited effectively and lead to localized intensity enhancement. This is also illustrated in Fig. 3(b) , which displays 2-D FDTD modeling results that are in reasonably good agreement with the experimental results in Fig. 2(e) . These LFE observations could prove beneficial for future biosensing and bioimaging applications, and for integrated plasmonic light sources on a chip [39] in the UV domain. Based on the above observations and discussion, it should be clear that one has to properly design the structures using appropriate design rules to achieve EOT in the FF or LFE in the NF. However, it should be noted that for real LED devices, the light will be emitted over a wide range of angles. Current studies using normal incidence or relative small incident angles are just the first step along this direction. Further studies to quantitatively estimate the angular dependence of the transmission are still under investigation. (2) We now discuss experimental and simulation results obtained for the Detector mode [see Fig. 2(b) ]. While enhancement in coupling efficiency is an important goal for UV detector designs, as it is for the LED mode discussed above, high-speed response is also essential in some applications, especially for secure space-to-space communications. It is well known that the speed of photodiodes is primarily limited by two factors: the transit time of photogenerated carriers to the electrode and the depletion layer capacitance of the semiconductor [40] . Some groups employed interdigitated microelectrodes to cover the UV detector surface to reduce the transit time of photogenerated carriers to the electrodes [26] , [41] . If the gap between the interdigitated electrodes is reduced to the nanometer scale, the speed of response could be improved significantly. However, the coupling efficiency was sacrificed when the detector aperture was partially covered. Consequently, realizing EOT through the nanoslit structures in the UV domain may be a promising means of overcoming this limitation and optimizing UV detector performance. Recently, the use of various nanoplasmonic structures was proposed by several groups to improve the performance of photodetectors at near-infrared wavelengths [42] - [45] , further illustrating the potential benefit of plasmonic devices in optoelectronics.
In the Detector-mode experiments, only FF transmission through the nanoslits was measured [see Fig. 2(d) ] since the NSOM tip cannot be placed directly at the metal/substrate interface. When the light propagates from air to the metal nanostructure and then into the substrate (in the opposite direction to that of the LED mode), one can see that the transmission through the 11 samples is unexpectedly different from that in the LED mode, indicating that a structure designed for a UV LED may not be equally useful for a UV detector. To our knowledge, such experimental results have not been reported previously, and could not be reliably predicted by the approximate theory for the transmission peak wavelength through nanoslit/hole arrays [46] . Researchers did realize that factors such as SPP interference and scattering loss have not been thoroughly considered in previous theories [1] - [3] , [36] , [47] , suggesting that there is still much to be done to achieve a detailed understanding of this phenomenon [36] , [48] , [49] . We note particularly that samples 5-7 do not have the strongest transmission in this Detector measurement mode. Sample 2 has a weaker transmission than samples 1 and 3, and sample 7 has the weakest of all 11 samples. The transmitted intensity through sample 3, which is the strongest among the 11 samples, is about 1.5 times that of the reference sample, indicating that EOT is observed in this FF measurement [see the data in column (III) in Table 1 ].
To understand this transmission data further, FDTD simulations are presented to model the transmitted intensities through the grating structures in the FF (1.15 m above the grating surface): As shown in Fig. 4(a) , samples 3 and 4 are close to the parameters providing the strongest transmission, while sample 7 is close to that for the weakest transmission. The optimized period is approximately 260 nm, where strong SPP modes could be excited at the glass substrate side. This is also illustrated by the field distribution simulation results in sample 3 in Fig. 4(b) . The transmitted intensities through the 11 samples are in qualitative agreement with the measurement results in Fig. 2(d) , although quantitative differences remain, for example, the FF transmission predicted for sample 1 is noticeably weaker than that for sample 3, whereas the experimental values are quite comparable (see column III in Table 1 ). Although NF distributions cannot be determined experimentally, they still can be simulated numerically as shown in Fig. 4(b) . One can see that strong SPP enhancement can be achieved in sample 3, which is potentially useful for a light coupling enhancement window for novel UV detectors. If this structure is combined with interdigitated nanoelectrodes, the high coupling efficiency and high-speed response may be achieved simultaneously, which could have a great impact on future UV detector designs.
Conclusion
In summary, we have directly observed the UV EOT through nanoslit structures in the FF and LFE in the NF, respectively. The transmission is significantly different between the LED and the Detector modes for the same plasmonic structures, indicating that a rigorous framework for understanding the behavior of EOT through nanoplasmonic structures remains a significant scientific challenge. Investigations into these phenomena may enrich the studies on subwavelength optics on a chip and be especially important in the performance optimization of UV active devices. Numerical modeling results were also presented, and the distribution properties of the UV SPPs in the NF are analyzed, showing reasonable agreement with experiment, although some theoretical challenges remain. We believe that direct observations of the UV EOT and LFE have important implications for novel photonic applications in wide-bandgap semiconductor device design, optical integration, biosensing, bioimaging, and biomedicine [1] - [6] in the UV domain.
